ABSTRACT A variety of food-grade organic substrates were evaluated to identify materials that could be used to support long-term anaerobic bioremediation processes in the subsurface. In this work, the rate and extent of biogas production was used as an indicator of the potential for substrate fermentation to H 2 and acetate, the primary electron donors used in reductive dechlorination. The rate and extent of biogas (primarily CO 2 + CH 4 ) evolution varied widely between the different substrates. For many of the substrates, biogas generation declined to very low levels within 100 days of substrate addition. However, a few substrates including several vegetable oils and sucrose esters of fatty acid (SEFAs) did support biogas production for extended time periods. Column studies demonstrated that both soybean oil and a SEFA could support sulfate reduction, methanogenesis and reductive dechlorination of perchloroethene (PCE) to cis-dichloroethene (cis-DCE) for over 14 months. The slower degradation rate of the SEFAs could be used to control substrate degradation rate in the subsurface, increasing substrate lifetime and reducing the required reinjection frequency.
INTRODUCTION
Enhanced in situ anaerobic bioremediation has most commonly been employed for treatment of chlorinated solvents (Ellis et al., 2000; ARCADIS, 2002; AFCEE and NFESC, 2004) , nitrate (Bengtsson and Annadotter, 1989; Earth Tech, 2001; Hunter, 2001 ) and perchlorate (Logan, 2001; Hunter, 2002) , and to immobilize heavy metals and radionuclides (Rodin, 2001; Cooper et al., 2000; Straub et al., 1996; Weber et al., 2001; Regenesis, 2003) . In this process, one or more organic substrates are added to the subsurface to consume competing electron acceptors, provide a hydrogen source to drive contaminant reduction, and as a carbon source for cell growth. Laboratory studies have shown that a wide variety of organic substrates will stimulate reductive dechlorination including acetate, propionate, butyrate, benzoate, glucose, lactate, methanol, and toluene (Vogel and McCarty, 1985; Scholz-Muramatsu et al., 1995; de Bruin et al., 1992; Freedman and Gossett, 1989; Sewell and Gibson, 1991; DiStefano et al., 1991; Lee et al., 1997) . Inexpensive, complex substrates such as molasses, cheese whey, corn steep liquor (Lee et al., 1997) , corn oil, hydrogenated cottonseed oil beads, solid food shortening (Dybas et al., 1997) , beef tallow, melted corn oil margarine, coconut oil (Lee et al., 1997) , soybean oil, and hydrogenated soybean oil (Zenker et al., 2000) can support reductive dechlorination. In theory, essentially any organic material that can be fermented to hydrogen and acetate could be used as a substrate to simulate reductive dechlorination (Ballapragada et al., 1997; Smatlak et al., 1996; Adamson et al., 2003; He et al., 2002; Sung et al., 2003) .
A variety of different materials have been used in the field to stimulate reductive dechlorination including soluble, slowly soluble, and solid organic substrates. Soluble substrates (e.g., lactate, butyrate, propionate, acetate, molasses, and refined sugars) are typically dissolved in water, and then flushed through the treatment zone using systems of injection and extraction wells. The high solubility of these substrates causes them to migrate with flowing ground water, allowing easy distribution in a variety of different environments. However, these materials are quickly depleted due to their rapid biodegradation and downgradient migration with the flowing groundwater. Consequently, soluble substrates must be frequently added to the aquifer, increasing, capital and operation and maintenance (O&M) costs. Slowly soluble, liquid substrates (e.g., edible oils and the commercial product Hydrogen Release Compound) do not readily migrate with groundwater flow and provide a longer lasting substrate for reductive dechlorination. Solid phase substrates such as chitin and mulch are typically emplaced by fracturing or in an excavated trench to form a permeable reactive barrier (Sorenson et al., 2002; Haas et al., 2000) . Both chitin and mulch can be fermented, releasing nitrogen and volatile fatty acids to stimulate anaerobic bioremediation .
The objective of this study was to identify organic substrates that would provide a slow, steady supply of hydrogen (H 2 ) and acetate to support reductive dechlorination. Initial screening studies were conducted by monitoring biogas production from a variety of organic substrates incubated with an anaerobic digester sludge inoculum. A slow, steady release of biogas was assumed to be a reasonable indicator of slow, steady H 2 and/or acetate production. Methane (CH 4 ) and carbon dioxide (CO 2 ) are the primary components of biogas and H 2 and acetate are the only common materials that can be fermented to methane. Based on the results of this work, follow-up studies examined the suitability of soybean oil and a sucrose ester of fatty acid (SEFA) for stimulating reductive dechlorination in flow through columns.
METHODS
The anaerobic biodegradation potential of a range of substrates was monitored by incubating 50 mg of the target organic substrate, 5 or 1 ml of anaerobic digester sludge (Chapel Hill, North Carolina), and 100 ml of nutrient medium (NaHCO 3 
, cysteine hydrochloride [10 ml/L], resazurin [0.002%]) in 160 serum bottles with thick butyl rubber stoppers at 37 • C. Prior to preparation, the medium was boiled under oxygen free nitrogen to remove dissolved oxygen. The bottle headspace was flushed with 80% N 2 -20%CO 2 . All incubations were conducted in triplicate. Substrate biodegradation rate was assayed by monitoring biogas production over time using a wetted glass syringe. Bottles were mixed immediately after construction and before each gas measurement. Gas production results were compared to parallel incubations that did not contain organic substrate. Carbon dioxide and methane production was confirmed by analysis of selected gas samples using a GOW MAC gas chromatograph equipped with a thermal conductive detector (TCD).
Intermittent flow column experiments were conducted to evaluate the ability of emulsified liquid soybean oil and emulsified SEFA (S-270) to support reductive dechlorination without excessive methane production and to evaluate the effect of varying sulfate (SO 4 ) levels on pollutant degradation. The experimental system consisted of eighteen 3.8 cm diameter by 30 cm long soil columns. The sediment used to pack the columns was obtained from Dover Air Force Base (AFB) near the location of a full-scale enhanced bioremediation project. The columns were packed with wet sediment in an anaerobic glove box. During the packing procedure, the sediment was frequently tamped to remove any entrapped gas bubbles.
The columns were operated in an intermittent flow mode for 14 months where 16 to 25 ml of influent (∼0.25 pore volumes) was flushed through the column. The columns were then allowed to rest for 24 h before the next 0.25 pore volumes were introduced. This resulted in an 'average' groundwater velocity of ∼7.5 cm/day and hydraulic retention time (HRT) in the columns of ∼4 days. The influent reservoir for each column was amended with a mixture of pure perchloroethene (PCE) and hexadecane designed to maintain an influent concentration of roughly 10 mg/L PCE. Some columns received 200 mg/L Na 2 SO 4 in the influent to evaluate the effect of high background sulfate levels on substrate longevity and reductive dechlorination. Three columns received dilute HCl (0.01 N) in the influent to inhibit biological activity.
Each of the columns was inoculated by one of the following treatments: (1) live-inject 25 ml of bioaugmentation culture, 12 ml of autoclaved anaerobic digester sludge, followed by 25 ml of nutrient medium; (2) live + sludge-inject 25 ml of bioaugmentation culture, 12 ml of live anaerobic digester sludge, followed by 25 ml of nutrient medium; and (3) inhibited-inject 21 ml of autoclaved anaerobic digester sludge followed by 41 ml of nutrient medium. The different volumes of digester sludge and bioaugmentation culture were calculated to provide the same amount of volatile solids to each column. The bioaugmentation culture was enriched from a site in Lumberton, North Carolina, and was capable of complete dechlorination of PCE to ethene. The digester sludge was added to evaluate substrate longevity in an aquifer with a high number of methanogens. Emulsified soybean oil or S-270 (20 ml of ∼10% by volume) was injected into each column and then displaced with 40 ml deaired salts solution (100 mg/L CaCl 2 ) to push the emulsion into the column. The column was then allowed to sit for 2 days, before starting the daily pumping schedule. Effluent samples were collected daily for two weeks and analyzed for volatile solids to determine the amount of emulsion released from the columns.
The influent and effluent from each column were periodically monitored for PCE, trichloroethene (TCE), dichloroethene (DCE) isomers, vinyl chloride (VC), oxygen, nitrate, sulfate, methane, ethene, ethane, and pH. PCE, TCE, and DCE isomers were analyzed on a Shimadzu 14a gas chromatograph (GC) equipped with a flame ionization detector (FID) after first concentrating the samples on a Tekmar Model LSC 3000 Purgeand-Trap concentrator with a Precept Autosampler. Dissolved methane, ethane, ethene and vinyl chloride were quantified by direct injection of a 1.0-ml headspace gas sample into a Shimadzu GC-9A gas chromatograph equipped with a FID detector. pH was monitored with a standard probe and meter. Chloride, nitrate, and sulfate were analyzed by ion chromatography using a Dionex 2010i ion chromatograph and suppressed conductivity detector.
SUBSTRATE SCREENING INCUBATIONS
In the first phase of this work, a wide range of organic substrates were examined to identify materials that will generate slow, steady production of CH 4 and CO 2 . We have assumed that biogas production (primarily CH 4 and CO 2 ) is proportional to H 2 and/or acetate production since these materials are required for CH 4 production. H 2 and acetate can also be used as electron donors for reductive dechlorination (He et al., 2002) . This general approach for assessing anaerobic biodegradability under methanogenic conditions is well established and has been applied by a variety of researchers Tiedje, 1984a, 1984b; Colleran et al., 1992; Suflita and Concannon, 1995) .
Readers should be aware that low biogas production does not necessarily imply that the complex organic substrates were not degraded. If a complex organic substrate was fermented to soluble intermediate products (e.g., long chain fatty acids) that did not degrade further, these partially degraded intermediates would not generate significant biogas. Biogas production is believed to be a reasonable indicator of the potential for use of a substrate for reductive dechlorination because (a) soluble intermediates that do not degrade further will not produce H 2 and acetate; and (b) H 2 and/or acetate are the primary substrates used in reductive dechlorination.
The amount of biogas produced could also be lower if a substrate produces a larger amount of CO 2 , because a portion of the CO 2 will remain in solution as bicarbonate in the pH buffered media. The amount of carbon potentially converted to CH 4 and CO 2 can be estimated from the Equation 1 (Buswell and Hatfield, 1936) .
The fraction of organic carbon converted to CH 4 typically varies between 50% and 70%, with a greater percentage of CO 2 produced from more oxidized substrates (e.g., acetate, lactate, molasses) and a greater percentage of CH 4 produced from the more reduced substrates (e.g., vegetable oils). The more oxidized substrates also provide fewer reducing equivalents to drive (Solutions-IES, 2006) . Cumulative biogas production ( G) results from triplicate incubations with no added carbon (blank), chitin, and soybean oil are shown in Figure 1 . The blank incubations (1-ml inoculum) resulted in a slow, steady production of biogas as the digester sludge inoculum decayed away. The gas production patterns for chitin and soybean oil are typical for substrates where gas production is rapid during the first 100 days, then slows or stops. For chitin, gas production was very reproducible between replicates. In contrast, for soybean oil, there was some variability between replicates during the rapid gas production phase, due to small variations in the lag period between bottles. For most substrates, the cumulative gas production over 300 days was reasonably consistent between replicates.
To allow direct comparison between different sets of incubations, monitoring results are presented as net gas production per gram carbon ( G ) calculated using Equation 2.
Assuming the organic substrate is completely fermented to methane (CH 4 ) and carbon dioxide (CO 2 ), approximately 2 ml of gas should be produced per mg of organic carbon. Net gas production ( G ) over the first 300 days of incubation for each of the tested substrates is summarized in Table 1 along with the percent by weight carbon in the substrate. For many of these substrates, gas production was significantly lower than expected with only 8 out of 38 substrates tested producing more than 75% of the theoretically predicted gas. In some cases, this was due to variability between replicates with one out of three bottles producing significantly less gas than the other two.
Raw gas production ( G) and net gas product ( G ) results are shown in Figure 2a and b for four easily degradable substrates (mean of triplicate incubations).
A larger inoculum (5 ml) was used in this set of incubations in an effort to reduce the variability in lag time between replicates and resulted in significantly higher gas production from the blank bottles. However, net gas production was similar to results from other incubations with the smaller 1-ml inoculum. Sodium
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Evaluation of Slow Release Substrates for Anaerobic Bioremediation FIGURE 2 Cumulative gas production versus time for easily biodegradable substrates. (a) Raw gas production; (b) gas production corrected for gas production in blank and normalized to carbon content of substrate.
acetate and sodium lactate were rapidly fermented, with zero net gas production after 30 days. Ethyl lactate hydrolyzes in water releasing ethanol and lactate which are then easily fermented. It appears that one of these materials (presumably lactate) was fermented first followed by a lag period and then a second period of rapid gas production. Gas production from molasses also appeared to occur in two stages with a rapid initial release followed by slower gas production for almost 1 year.
Gas Production from Fats and Oils
Gas production results from incubations with oils and long-chain fatty acids are shown in Figure 3 . The rate and total amount of gas produced was greatest for olive oil, followed by soybean oil, myristic acid (C 13 H 27 COOH), hydrogenated soybean oil, and canola oil. Net gas production was much lower or even negative (less than blank) for stearic acid (C 13 H 35 COOH), corn oil, soy methyl-ester, paraffin, and lauric acid (C 11 H 23 COOH).
Most of this variation is likely associated with toxic inhibition of substrate fermentation by long-chain fatty acids. All animal and vegetable fats and oils are classified as triglycerides and contain three long chain fatty acids esterified to a glycerol core. Under anaerobic FIGURE 3 Normalized net gas production from fats and oils.
conditions, triglycerides are rapidly hydrolyzed, releasing long chain fatty acids and glycerol (Hanaki et al., 1981) . The fatty acids are degraded through a sequential process termed β-oxidation where the fatty acid is cleaved at the β carbon atom releasing hydrogen (H 2 ), acetic acid, and a new fatty acid with two less carbon atoms. The long-chain fatty acids (lauric, myristic, palmitic, stearic, oleic, linoleic, and linolenic) are known to inhibit methanogenesis from acetate to varying degrees due to interactions with the bacterial cell wall (McAvoy et al., 1996; Hanaki et al., 1981; Koster and Cramer, 1987, Lalman and Bagley, 2001) . If acetate conversion to methane is inhibited, the pH will drop, increasing the amount of undisassociated acid (the more toxic form), further inhibiting methanogenesis and eventually causing the process to go 'sour.' The variable response for the different oils is likely due to differences in the fatty acid composition of the oil and/or the triglyceride hydrolysis rate. Highly saturated fats (e.g., hydrogenated soybean oil) are less soluble, and may be more slowly hydrolyzed. Paraffin, petrolatum, or mineral oil (data not shown in Figure 3 ) had no effect on gas production, positive or negative, indicating these materials were not fermented under the experimental conditions of this study.
Gas Production from Surfactants
Gas production results for a variety of modified lecithins and surfactants are shown in Figure 4 . The relative solubility of a surfactant in water or oil can be represented by the hydrophile lipophile balance (HLB) where an HLB less than 10 indicates a relatively FIGURE 4 Normalized net gas production from surfactants. oleophilic surfactant and an HLB greater than 10 indicates a hydrophilic surfactant. Surfactants with a range of HLB values were evaluated in this study (Table 1) to evaluate the effect of hydrophobicity on biodegradability. However, biogas production rates did not appear to correlate with HLB indicating other factors control substrate fermentation. The modified lecithins (Centromix E, Centrol CA, and Centrophase C) resulted in the most rapid gas production with somewhat slower degradation of Ivory Soap, Blendmax K, and Actiflow 68-UB. Total gas production was lower for Tween 20, 21, and 85 and Centrolene A, suggesting only partial mineralization of these materials. However, there was no evidence that any of the surfactants significantly inhibited biogas production from the sludge inoculum.
Gas Production from SEFAs
Sucrose esters of fatty acid (SEFAs) are organic substrates synthesized by esterifying from 1 to 8 fatty acids onto a sucrose core. The Procter and Gamble Company markets a range of SEFAs with 7 to 8 fatty acids under the brand name SEFOSE. We hypothesized that SEFOSE or possibly a SEFA with fewer fatty acids could serve a slow release substrate for reductive dechlorination, if it could be fermented to H 2 and acetate. Figure 5 shows net gas production from a variety of different SEFAs with varying number of fatty acid esters. SEFAs with only one or two fatty acids were readily fermented. However, as the number of fatty acids increased (HLB declined), fermentation rates decreased. SEFAs prepared with saturated fats (S-070 and S-170) were more resistant to fermentation than SEFAs prepared with unsaturated fats (soyates). However, the fully saturated soyate (SEFA-8) did not produce any gas throughout the 2-year incubation period. These results suggest that SEFAs with intermediate number of fatty acids could be used to provide a slow steady supply of organic carbon to support anaerobic bioremediation processes. SEFA soyates with 5, 6, and 7 esters produced significant amounts of gas, over a year after being added to the bottles ( Figure 5 ).
Gas Production from Soybean
Oil-SEFA Mixtures
An alternative approach for controlling the fermentation rate would be to prepare mixtures of hydrophobic substrates with materials that were resistant to biodegradation. To evaluate this approach, incubations were constructed containing 50 mg soybean oil, 50 mg soybean oil + 50 mg SEFA-8, and 50 mg soybean oil + 150 mg SEFA-8. Net gas production results presented in Figure 6 were not normalized to the organic carbon, because SEFA contributes organic carbon, but was not fermented in these incubations. Total gas production over the first year was significantly lower in the incubations amended with SEFA-8, indicating that a substantial fraction of the soybean oil was not readily available to the microorganisms. However, gas production over 2 years after substrate addition was very slightly higher in the SEFA amended incubations (0.014 ml/day in 150 mg SEFA incubation) than in the soybean oil incubation (0.009 ml/day), suggesting that very small portion of this soybean oil was eventually available for fermentation (gas production significantly different based on two-tailed t test, α < 0.05).
FIGURE 6
Effect of mixing fermentable and nonfermentable substrates on gas production.
PCE BIODEGRADATION IN INTERMITTENT FLOW COLUMNS
Based on the results obtained in the batch incubations, intermittent flow column experiments were conducted over a 14-month period to evaluate the ability of emulsified liquid soybean oil and S-270 SEFA to support reductive dechlorination without excessive methane production and to evaluate the effect of varying sulfate levels on pollutant degradation. The columns were operated with an average hydraulic retention time of ∼4 days to ensure that an excess of PCE would be present throughout the columns. Columns were initially bioaugmented with a dechlorinating enrichment culture or dechlorinating enrichment culture plus anaerobic digester sludge to evaluate the effect of the initial microbial population on substrate life.
Dissolved oxygen was depleted in all of the live, substrate-amended columns throughout the duration of the experiment (data not shown). PCE was not significantly depleted in any of the columns due to the short hydraulic retention time (∼4 days), high PCE loading (over 5 mg/L), and slowly biodegradable substrates. However, both soybean oil and S-270 did enhance sulfate reduction, methanogenesis, and cis-DCE production. The cis-DCE production rate increased gradually, reaching a maximum at the end of the project, indicating the added substrates had not yet been depleted over 14 months of operation. VC and ethene production was negligible throughout the duration of the experiment. Figure 7 shows the average sulfate removal observed in the sulfate amended columns treated with soybean oil, S-270, and no added carbon. Extensive sulfate removal was observed in the soybean oil amended columns. Sulfate reduction began shortly after column start up with significant sulfate removal observed at the 1-month sampling event. Some sulfate removal was also observed in the S-270 amended columns; however, sulfate reduction was more limited than in the soybean oil columns. Soybean oil addition also resulted in substantially greater methane production than S-270 addition in the live and live + sludge columns (Figure 8 ). Methanogenesis was completely inhibited in the S-270/live + SO 4 columns by competition with sulfate reducers for the limited H 2 and acetate supply.
Average concentrations of cis-DCE in the column effluents are shown in Figure 9 . Typically, very little TCE, VC, and ethene were detected in the column effluents (data not shown). In all live treatments (live, live + SO 4 , live + sludge), soybean oil addition resulted in most extensive conversion of PCE to cis-DCE, followed by S-270 and the no added substrate control. Some cis-DCE production was also observed in the no substrate controls due to the bioaugmentation culture/digester sludge added to these columns.
These results demonstrate that emulsified soybean oil and SEFA S-270 can support sulfate reduction, methanogenesis, and reductive dechlorination of PCE to cis-DCE. When high removal rates are required (high PCE and SO 4 levels, short HRT), soybean oil would be a more appropriate substrate. However, when slower degradation rates are acceptable, a SEFA or similar slowly biodegradable substrate could be used to reduce the frequency of substrate addition.
SUMMARY AND CONCLUSIONS
A wide variety of food-grade organic substrates are available that can be used to support anaerobic biodegradation processes. In this work, the rate and extent of methanogenic biogas production was used as an indicator of the potential for substrate fermentation to H 2 and acetate, the primary electron donors used in reductive dechlorination. Substrates were incubated at elevated temperatures (37 • C) in a nutrient medium with an anaerobic digester sludge inoculum to generate maximum biodegradation rates. These conditions are expected to generate much more rapid fermentation of the added substrate than would typically occur in an aquifer. We hypothesize, however, that substrates that are slowly fermented to biogas under the enriched laboratory conditions, will also be more slowly fermented under the cooler, nutrient limited conditions of most aquifers.
The rate and extent of CO 2 /CH 4 evolution varied widely between the different substrates. For many of the substrates evaluated, methane generation declined to very low levels within 100 days of substrate addition. However, a few substrates did support methane production for extended time periods.
Vegetable oils and long chain fatty acids showed a complex fermentation pattern. Several of the oils including olive oil, raw soybean oil, and myristic acid produced large amounts of gas indicating relatively complete conversion to CH 4 and CO 2 . However, gas production from other oils and fatty acids was much more limited, due to inhibition by the long-chain fatty acids. Methane production from the fully hydrogenated soybean oil was somewhat slower than for regular soybean oil suggesting that hydrogenated oils could be used as a slow-release substrate.
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All of the food-grade surfactants were readily fermented to biogas with no evidence of inhibition. However, total gas production was lower than expected for several of the surfactants suggesting that some fraction of the carbon present in the substrate was not easily fermented.
A variety of sucrose esters of fatty acid (SEFAs) were examined to evaluate their potential for use as slowrelease organic substrates for anaerobic bioremediation. The biogas production rate decreased with increasing number of fatty acid esters and was lower for SEFAs prepared with saturated fats (solids) than unsaturated fats (liquids). This suggests that substrates could be designed to produce H 2 and acetate at a controlled rate over extended time periods.
Blending a biodegradable oil (soybean oil) with a nondegradable oil (SEFA-8) did not substantially reduce the initial fermentation rate, but did reduce the total amount of gas produced. This indicates that blending a fermentable oil with a nonfermentable material would not be an effective approach for controlling substrate life.
Column studies demonstrated that rates of sulfate consumption and contaminant biodegradation could be controlled by using different, organic substrates. Sulfate reduction, methanogenesis, and reductive dechlorination of PCE to cis-DCE decreased in the order soybean oil > SEFA S-270 > no carbon control. The lower extent of sulfate reduction, methanogenesis and reductive dechlorination is presumably due to the slower fermentation of S-270 to H 2 and acetate. Additional research will be required to determine if this approach can be used to control substrate lifetime and required reinjection frequency in the field.
